Introduction {#s0001}
============

Epigenetic profiles are sculpted during development; in particular, the DNA methylation landscape of mammalian brain cells is dynamically reconfigured through development.[@cit0001] Such reconfiguration occurs at brain specific genes prevalently during the late stages of embryogenesis and early post-natal developmental period, leading to critical changes in the gene expression program that, once the process comes to an end, is thought to be maintained throughout life. A progressive shaping of DNA methylation patterns occurs in a regulated manner, both at CpG and CpH sites, during development and first weeks or years of life, possibly providing an epigenetic memory specific for each type of brain cells.[@cit0003] Such phenomenon, crucial to the completion of embryonic development, is the result of a dynamic interplay between DNA methylation and demethylation events assisted by different DNA methyltransferases (DNMT1, DNMT3a, and DNMT3b), which may convert cytosine to methylcytosine,[@cit0004] or by Ten-11 translocation enzymes (TETs), which promote 5mC demethylation.[@cit0008] At the genomic level, as a result of these processes, each type of brain cells acquires a cell type-specific genomic DNA methylation landscape that may provide an 'identity card' for different brain cells and govern and stabilize an elected gene expression program. A recent study[@cit0009] showed that different types of glial cells and neurons display very distinctive methylation signatures, suggesting that the epigenomic landscape reflects neuronal diversity. Appropriate patterns of DNA methylation in the brain play an important role in neurodevelopment and neuropsychiatric conditions,[@cit0010] pointing out to the importance of correct formation and preservation of DNA methylation patterns in brain cells. However, the vast majority of these studies, regardless of the techniques employed, took in consideration the average amount of CpG methylation in specific genomic regions or their genome-wide distribution with only relative high resolution. In principle, each cell may bear a specific combination of methylated CpGs at specific loci that may reflect the origin of the cell and/or the functional state of a given gene (allele) in that cell. This introduces the concept of "epipolymorphism," which goes far beyond the simple identification of differentially methylated regions, by means that brain cells may be considered a population of epigenetically heterogeneous cells in which each combination of methyl CpGs at a given locus represents a specific epiallele. Such information is lost when the average methylation, even at single CpG sites, is evaluated. Using genome-wide approaches, recent studies based on the comparison of the methylation of few adjacent CpGs have addressed the issue of heterogeneous methylation, accounting for cell-to-cell methylation variability in liver,[@cit0021] leukemias,[@cit0022] and immortalized fibroblasts,[@cit0023] describing the stochastic and clonal evolution of epialleles during carcinogenesis.

In this work, we investigated whether cell-to-cell methylation variability exists in brain and if this variability represents the result of methylation and demethylation events occurring stochastically at individual CpG sites or derives from a well orchestrated process. In order to gain insight into this matter, we performed ultra-deep methylation single molecule analysis of a selected locus, the *D-Aspartate oxidase* (*Ddo*) gene,[@cit0024] in different brain developmental stages, areas, cell types, and embryonic stem cells (ESCs) neural differentiation process. The choice of *Ddo* as a model gene was mainly based on the facts that this gene is developmentally regulated in brain by DNA methylation changes,[@cit0025] the average methylation levels range between 60 and 30% in different stages, and the promoter is relatively poor in CpG content,[@cit0025] which we considered ideal conditions to study variation of intermediate epiallele composition at different times during development and in different brain cell types.

Results {#s0002}
=======

Epiallele analysis principles {#s0002-0001}
-----------------------------

Amplicon bisulfite sequencing of a given genomic region enables us to determine whether each included CpG dinucleotide, in each single molecule, is methylated or unmethylated. Upon high-coverage bisulfite sequencing, it is possible to determine, with high precision, either the average methylation at each CpG site or the asset of methylated and unmethylated CpG sites present in each amplicon-derived sequence. As an example, a region that includes 4 CpG sites may give origin to 16 possible combinations that may be potentially found in a mixed population of cells ([Fig. 1](#f0001){ref-type="fig"}). These different combinations will be here referred to as "epialleles;" the number of different exhibited epialleles provides a measure of the level of "epipolymorphism" (see [Fig. 1](#f0001){ref-type="fig"} for details and examples). We applied this kind of methylation analysis to investigate the epiallele combinations and evolution of the *Ddo* gene, as example of a locus undergoing methylation changes during brain development.[@cit0025] Figure 1.Principle of epipolymorphism and epiallele analysis. Averaged methylation degree, even at single base resolution, does not give any information on cell-to-cell methylation variability. In the example reported in the Figure, which shows analysis of 4 adjacent CpG sites, 50% methylation degree may correspond to completely different methylation scenarios. These range from the lowest degree of epipolymorphism (bottom left) to the highest level (bottom right). However, reliable analysis of the relative frequency of each epiallele must rely on a high number of analyzed sequences. Compared to genomic approaches previously used to measure the general epipolymorphism degree, the here adopted amplicon bisulfite sequencing, although limited to targeted genomic regions, allowed us to magnify the details of cell-to-cell epiallele variability at single loci, thanks of the very high sequencing coverage (about 210,000 in this study) and to comprehensively establish the methylation pattern of several adjacent CpG sites of longer regions (up to 600--1000 bp) in which all CpGs within individual reads are effectively phased and may represent the epigenetic haplotype. TSS: transcription start site. The pie charts represent the percentage of fully unmethylated epialleles (U = white), fully methylated epialleles (F = black), and the 62 remaining possible methyl CpG combination or intermediate epialleles (I = gray gradient).

Averaged methylation and epiallele frequency distribution analysis of a 3 kb region in the Ddo gene in whole brain during development {#s0002-0002}
-------------------------------------------------------------------------------------------------------------------------------------

Using mouse brain at stages embryonic day 15 (E15), post-natal day 0 (P0), and post-natal day 30 (P30), we performed high-coverage targeted bisulfite sequencing including 7 amplicons (R1-R7) covering an extended large genomic region (about 3 kb) surrounding the Ddo transcriptional start site (TSS) ([Fig. 2A](#f0002){ref-type="fig"}). Primers used in this study are reported in [Table 1](#t0001){ref-type="table"}. Note that we previously reported averaged quantitative methylation data for regions R4 and R5,[@cit0025] which we have here integrated into [Fig. 2B](#f0002){ref-type="fig"} in order to provide a comprehensive view of averaged methylation changes at the extended *Ddo* locus. Then, we performed single molecule analysis of the R4 region by determination of epiallele frequency ([Fig. 3A](#f0003){ref-type="fig"}). Sixty-four (2^6^) possible epialleles were expected. [Fig. 3B](#f0003){ref-type="fig"} shows the results from the analysis of whole brains (n = 3) at E15 stage. Several interesting aspects were worth of note. First, we found, with different frequencies, the occurrence of almost all the theoretically predicted epialleles. At E15, fully methylated molecules represented about 13% (the average methylation for each site was evaluated at about 56%), the unmethylated molecules totaled about 10%, while the remaining 77% of the cells harbored one of the 62 intermediate epialleles, which, although with different frequencies, were all represented in the brain cell mixture. However, we observed that some specific epialleles were represented with higher than expected frequency. Such frequency distribution was strikingly conserved among individuals. These findings highlighted either a high degree of epipolymorphism of the *Ddo* promoter in the brain or a high interindividual conservation of epiallele frequency distribution. Figure 2.Quantitative methylation analysis of a 3 kb genomic region of *Ddo* gene. A) Structure of the putative mouse *Ddo* gene promoter. Blue arrow indicates the transcription start site (+1). White box represents the putative regulatory upstream region. Black box represents exon 1. Gray box represents first intron. Positions of CpG sites are indicated as relative to TSS. The analyzed 3 kb genomic portion is divided in 7 regions (R1-R2-R3-R4-R5-R6-R7) corresponding to different amplicons. B) Graph represents methylation average at each CpG site analyzed by Illumina MiSeq Sequencer. Each color line represents the average of 3 mice at a given developmental stage. Blue = E15; red = P0; green = P30. Error bars show standard deviations. For each CpG site, the points labeled with different letters on top are significantly different (*P* \< 0.05) based on post-hoc ANOVA analysis (Tukey test, performed on each CpG site). Where two developmental times were considered, Student t test was applied with \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. Figure 3.All possible methyl CpG combinations (epialleles) at the *Ddo* R4 region. A) Representation of all 64 theoretically possible epialleles at region R4 of *Ddo* promoter containing 6 CpG sites. Circles represent the CpG sites analyzed (−363, −330, −318, −242, −175, and −125); black circles = methylated CpG; white circles = unmethylated CpG. B) Percent frequency of each epiallele in whole brain from 3 mice (M1, M2, and M3) at E15 stage.

The interindividual conservation of epialleles patterns was strikingly retained in brains at each of the analyzed developmental stages from E15 to P30 (0.786 ≤ Pearson R ≤ 0.992, *P* \< 0.001) ([Fig. 4](#f0004){ref-type="fig"}, [Table 2](#t0002){ref-type="table"}). Simulation approach confirmed the non-randomness of the observed epialleles distribution showing a consistent deviation from the simulated frequency for each of the epialleles (Supplemental Fig. S1). Thus, the observed phenomenon appears to be a consequence of a precise mechanism governing the formation and maintenance of predetermined methylation profiles in each of the different brain cells. The same analyses were performed on other regions of the *Ddo* gene (R1-R7). Although each of the analyzed regions showed variable numbers of CpGs and different methylation averages (ranging from 96 to 20%) and variation over developmental stages, the data clearly confirmed the existence of a strong interindividual conservation for all the regions (Supplemental Fig. S2 and data not shown). However, lower epiallele polymorphism and no changes over time were observed in the upstream regions R1 and R2, as expected by the constant high rate of average methylation in these regions (85--95%) (Supplemental Fig. S2). Figure 4.Epialleles frequency distribution at *Ddo* R4 region during different stages of mouse development (E15, P0, P14, P30). The pie charts represent the percentage of unmethylated epialleles (U = white), fully methylated epialleles (F = black), and all 62 intermediate epialleles (I = gray gradient). The line graph shows the percentage of each of the intermediate epialleles; each color line identifies one mouse. Blue = mouse 1; red = mouse 2, green = mouse 3. At the bottom of the last graph, the specific methyl CpG combinations of the 62 intermediate epialleles are reported. 1M identifies the group of monomethylated molecules; 2M = dimethylated; 3M = trimethylated; 4M = tetramethylated; 5M = pentamethylated epialleles. Pearson correlation R reported in [Table 2](#t0002){ref-type="table"}.

Different brain areas display distinct epiallele configurations {#s0002-0003}
---------------------------------------------------------------

The eventuality that distinctive epiallele patterns were recognizable in different brain areas was investigated. Methylation average and epiallele frequency were analyzed in hippocampus, cortex, prefrontal cortex (PFC), cerebellum, and striatum at R4 in the *Ddo* promoter region. By averaged methylation analysis the highest methylation levels (about 50%) were observed in striatum ([Fig. 5A](#f0005){ref-type="fig"} and [Fig. 5B](#f0005){ref-type="fig"}). Conversely, in hippocampus, the lowest methylation level (about 15%) was present. Cerebellum, cortex, and PFC showed intermediate levels (about 20--25%) that resembled those observed in whole brain. We analyzed the frequency of intermediate epialleles and observed high epiallele heterogeneity within each area ([Fig. 5C](#f0005){ref-type="fig"}). Interestingly, although the profiles were clearly distinguishable among the different brain areas, these mainly differed in the relative abundance of a few major preferential CpG combinations (see peaks in the bottom graph in [Fig. 5C](#f0005){ref-type="fig"}). Moreover, it is worth noting that even in highly methylated striatum (average methylation level of about 50%), more than 30% of the cells bear fully unmethylated alleles, against 18% of cells bearing fully methylated ones. Figure 5.Epiallele composition analysis of *Ddo* R4 in separated areas of mouse brain (Hipp: hippocampus; CB: cerebellum; CX: Cortex; ST: striatum; PFC: prefrontal cortex) and in whole brain (WB) at P30 stage. A) Average methylation at the *Ddo* R4 region in each separated brain area. The bars labeled with different letters on top are significantly different based on post-hoc ANOVA statistical analysis (Tukey test). B) Average methylation at each CpG site (−363, −330, −318, −242, −175, and −125). The bars labeled with different letters on top are significantly different based on post-hoc ANOVA analysis (Tukey test) performed for each CpG site. C) *Ddo* R4 region epiallele frequency distribution. The pie charts represent the percentage of unmethylated epialleles (U = white); fully methylated epialleles (F = black); and all 62 intermediate epialleles (I = gray gradient). Each color line represents the distribution of 62 intermediate epialleles in one brain area, as indicated. At the bottom of the graph, the specific methyl CpG combinations of each of the 62 intermediate epialleles are reported. A *P*-value ≤ 0.05 was considered statistically significant.

Specific epiallele patterns distinguish different purified brain cell populations {#s0002-0004}
---------------------------------------------------------------------------------

The high degree of epipolymorphism found both in total brain and separated brain areas could be potentially explained by cellular heterogeneity. Therefore, we decided to investigate whether different purified brain cells, namely neurons, oligodendrocytes, astrocytes, and microglial cells, displayed cell type-specific methylation features. First, we performed quantitative methylation analysis and showed that different cell types exhibited different average methylation degree, with astrocytes being the less methylated and microglial cells the most methylated ([Fig. 6A](#f0006){ref-type="fig"}). Analysis of epiallele frequency distribution indicated that, as was also observed in separated brain areas, that higher average methylation levels were associated with higher percentage of hypermethylated epihaplotypes \[see, as an example, microglia (green line) vs. astrocytes (purple line) in [Fig. 6B](#f0006){ref-type="fig"}\]. Conversely, lower average methylation was associated with higher frequency of specific mono- and di-methylated conformations. However, specific epialleles, although enriched at different degrees, showed peaks that were clearly coincident across cell types and, for the most part, also with peaks observed in whole brain tissue samples (compare [Figs. 4](#f0004){ref-type="fig"} and [5](#f0005){ref-type="fig"}). These observations again point to the existence of a hierarchy among epialleles that is highly conserved across different brain derived cells. In summary, we confirmed that most of the methylation rules observed in brain tissues applied also for isolated brain cells, including the high percentage of intermediate epialleles, high degree of epipolymorphism, and high conservation of epialleles frequency among the same type of cells among individuals. Our data strongly suggest that, within a cell population, either in whole brain, separated brain areas, or isolated primary cells, the epiallele frequency distribution occurs in a non-stochastic manner. In particular, we observed a spatial specificity by means of some CpG sites (−363, −330, −242) being prone and some (−318, −125, −175) being more resistant to methylation. However, in a subset of cells for each lineage, in a proportion consistent with the level of average methylation, methylation spread from susceptible sites by recruiting nearby CpGs, increasing the number of molecules in which resistant CpGs became methylated. In the future, it would be particularly intriguing to explore the potential contribution of epiallele distribution analysis to the reliable evaluation of cell function and cell type-specific enrichment in given areas, during lifetime and/or in pathological conditions. Figure 6.Averaged and single molecule methylation analysis of the *Ddo* promoter region in isolated primary brain cells and in cultured c-myc immortalized neurons. A) Average methylation in different indicated brain cells. The bars labeled with different letters on top are significantly different based on post-hoc ANOVA statistical analysis (Tukey test). B) Frequency distribution of intermediate epialleles in primary cells. C) Epiallele distribution in c-myc cultured immortalized neurons. Neuro: primary neurons, blue bars in A and blue lines in B. Oligo: primary oligodendrocytes, red bars in A and red lines in B. Micro: primary microglial cells, green bars in A and green lines in B. Astro: primary astrocytes cells, violet bars in A and violet lines in B. Neu C-Myc I and Neu C-Myc II: A1 C-Myc immortalized neurons, dark blue and orange, respectively, in A (bars) and C (lines). The pie charts represent the percentage of unmethylated epialleles (U = white); fully methylated epialleles (F = black); and all 62 intermediate epialleles (I = gray gradient). At the bottom of each graph, the specific methyl CpG combinations of each of the 62 intermediate epialleles are reported.

Primary vs. immortalized neuronal cells {#s0002-0005}
---------------------------------------

Interestingly, when we analyzed epiallele frequencies in A1 cells, c-myc immortalized neurons at different culture passages ([Fig. 6C](#f0006){ref-type="fig"}), despite observing an average methylation similar to the one observed in primary neurons (see [Fig. 6A](#f0006){ref-type="fig"} and pies in 6B and 6C), an opposite methylation scenario was observed in terms of epiallele frequency distribution. In fact, few epialleles were highly prevalent, most were absent, and epiallele profiles were discordant both among different plates (Pearson R = 0.083) and when compared with those derived by primary cells. These data suggest that immortalized neurons, by contrast with tissue and primary cells, show lower epiallele heterogeneity (clonal-like behavior) and a likely stochastic epiallele frequency distribution.

Dynamic remodeling of Ddo epiallele profiles in ESCs upon induction of neural differentiation {#s0002-0006}
---------------------------------------------------------------------------------------------

Evolution of epiallele frequency distribution at the *Ddo* promoter was then tracked in ESCs upon neural differentiation. Although average methylation of the 6 CpG sites at the *Ddo* R4 region was almost identical in undifferentiated and differentiated ESCs ([Fig. 7A](#f0007){ref-type="fig"}), and minor differences were observed at single CpG sites ([Fig. 7B](#f0007){ref-type="fig"}), when analysis of epiallele frequency distribution was applied we observed a striking and reproducible methylation drift in 3 independent experiments ([Fig. 7C](#f0007){ref-type="fig"}). Undifferentiated ESCs displayed an apparently disorganized, rather scattered, distribution of the possible 62 combinations, with a slight prevalence of monomethylated molecules. Upon neural differentiation toward neural cells, we observed a specific and highly reproducible rearrangement of the epiallele frequency distribution profile (Pearson R = 0.492, *P* \< 0.001) ([Fig. 7C](#f0007){ref-type="fig"} and [Fig. 7D](#f0007){ref-type="fig"}) that strongly supported the existence of a programmed combinatorial code and a methylation drift within the cell population. In particular, differentiated ESCs showed sharp organized peaks corresponding to constant enrichment of few specific intermediate epialleles and concomitant impoverishment of most of the others and their derivatives (e.g., molecules containing methylated −242 and/or −125). Noticeably, 7 (out of 62) intermediate epialleles that bloomed upon differentiation (−330; −363; −330/−318; −363/−330; −363/−330/−318; 363/−330/−318/−242, 363/−330/−318/−242/−175) mostly corresponded to the major peaks observed in developing whole brain as well as neurons and glial cells, with different relative abundance. In fact, we performed an analysis of the epigenetic correlation based either on the type of displayed epialleles and on the relative amount of each possible methyl CpG arrangement found in each analyzed sample. This was performed by principal component analysis (PCA). Results reported in [Fig. 8A](#f0008){ref-type="fig"} and [Fig. 8B](#f0008){ref-type="fig"} confirmed the reproducibility of the *Ddo* epigenetic drift between undifferentiated and differentiated state and showed that differentiated ESCs dramatically shifted toward mature neural and glial patterns. Taken together, these data are compatible with a model in which in the undifferentiated state the CpG methylability at the *Ddo* promoter mainly depends on the primary sequence and occurs in a random manner at one or more CpG sites. Conversely, in the differentiated state, possibly due to newly generated structured chromatin conformation constraints, a coordinated interplay between contiguous CpGs differing in methylation susceptibility underlies specific epiallele frequency and dynamics in a spatial-specific manner, where the methylated state of more susceptible sites (−330 and −363) increases the likelihood that adjacent resistant sites become methylated. These basic rules are then retained in the mature glia and neurons. In support of this model, [Fig. 8C](#f0008){ref-type="fig"} shows the relative contribution of each CpG to the formation of different epialleles. Figure 7.Single molecule methylation analysis in ESC neural differentiation model. A) Averaged methylation at *Ddo* R4 region in undifferentiated ESCs (U-ES) and in differentiated ESCs (nD-ES) from 3 independent experiments. B) Averaged methylation of each CpG site (−363, −330, −318, −242, −175, and −125) at *Ddo* R4 region (data are showed as mean ± standard deviation; \*\**P* \< 0.01). C) Microscope images of ESCs in undifferentiated state (U-ES) and upon differentiation toward neuronal phenotype (nD-ES). Bar = 200 µm. Epiallele frequency distribution in 3 independent ESCs differentiation experiments (I, II, and III). The pie charts represent the relative percentage of fully unmethylated epialleles (U = white), fully methylated epialleles (M = black), and the 62 intermediate epialleles (I = gray gradient). The line plots represent the frequency distribution of each of the 62 intermediate epialleles (blue: undifferentiated ESC; red: differentiated ESCs). D) Comparison between average frequency distribution of each of the 62 *Ddo* intermediate epialleles, from 3 independent experiments, in undifferentiated (blue line) vs. differentiated (red line) ESCs. The specific methyl CpG combinations of each of the 62 intermediate epialleles are indicated on the x-axis. Figure 8.Epigenetic correlation of *Ddo* R4 epialleles distribution in ES and different purified brain-derived cell types performed by PCA. A) Scores plot represents the distribution of each specific cell type (blue = neurons; pink = oligodendrocytes; green = microglial; violet = astrocytes; gray = U-ES undifferentiated ESCs, red = nD-ES differentiated ESCs). The analysis was based on the qualitative and quantitative influence of each of the 64 epialleles displayed by each cell type. B) Loading plots of PCA. The vectors represented by red arrows show how (the direction) and how much (the length) each epiallelic profile contributes to the individual correlations represented by PC1 and PC2. Note that each epiallele is named with numbers (1--62) or letters (U, F), as reported in [Fig. 3B. C](#f0003){ref-type="fig"}) The heatmaps show the contribution of each CpG in different epiallelic classes among 4 cell types (U-ES = undifferentiated ESC; nD_ES = neuronal differentiated ESCs). The color scale from red to yellow (from low to high values) shows the contribution of each CpG to formation of monomethylated (1M), dimethylated (2M), trimethylated (3M), tetramethylated (4M), pentamethylated (5M), and fully methylated (6M) molecules, respectively.

Discussion {#s0002-0007}
----------

In this study we have performed an ultra-deep methylation analysis to study the methylation profiles of single genomic regions (surrounding the *Ddo* gene) taking into account cell-to-cell heterogeneity and quantifying the frequency of each methylation pattern (epiallele) present in mixed and pure populations of brain cells during development and neural differentiation. The results substantiate well-appreciated general phenomena: i) methylation is highly polymorphic and possibly undergoes a continuous turnover; ii) such diversity is deterministic and not stochastic; and iii) the diversity converges in the course of neural development. Furthermore, an epigenetic drift at the *Ddo* gene, clearly appreciated in terms of epiallele profiles and fully unpredictable by conventional methylation determination, marked ESCs neural differentiation process. Overall, the findings support the hypothesis that the methylation state of each CpG in single cells is not stable; rather, it is subject to periodic fluctuations. This appears to occur in a spatial-specific manner, where the methylated state of more susceptible sites (e.g., −330 and −363 in the R4 region) favors methylation of adjacent otherwise partially resistant sites. These rules are retained in mature brain where the differential average methylation in each cell type mainly derives from the relative percentage of fully methylated and unmethylated molecules and from the relative abundance of specific peaks, within a prevalent fixed set of intermediate epialleles. Whether these rules may apply to different genomic regions or are limited to some specific regions (e.g., CpG-poor promoter) remains to be determined. However, it is intriguing to hypothesize that specific CpGs lying upstream the TSS may serve as a "core" and "seed" by means that their methylation state may directly influence the methylation state of the adjacent regions, giving origin, in a continuous dynamic manner, to specific epiallele profiles distributions. Although a limit of this approach is that it does not allow the direct match of cell-by-cell methylation, mRNA expression, and cell identity data, it may circumvent the difficulties and high costs of single-cell analyses, with which it shares the ability to address cell-to-cell methylation differences and underlying mechanisms in a cell population. We have recently developed a pipeline, namely amplimethprophiler (<https://sourceforge.net/projects/amplimethprofiler>), that renders such kind of analysis, performed at individual genomic loci, easily approachable by other researchers interested in applying these principles to any biological system and genomic regions. To our knowledge, no study to date has addressed the epiallele diversity in brain and in brain-derived cells. In the recent past, very few studies ingeniously addressed cell-to-cell methylation heterogeneity, prevalently in tumor systems and at genome-wide level,[@cit0022]^,^[@cit0026] supporting general rules that are mostly consistent with the here presented data. Landan et al.[@cit0023] suggested that a stochastic series of subtle and progressive methylation changes in cancer evolution leads to deterministic methylation profiles. Spatially specific methylation patterns emerged, by means that some CpGs are particularly sensitive to changes in methylation, creating an initiation point for methylation that then spreads over the region. Our data are compatible with this model, according to which, in subsets of cells within each population, methylation profiles take origin by the spreading from susceptible sites that, when methylated, become able to influence nearby CpGs. Moreover, by the reanalysis of reduced representation bisulfite sequencing (RRBS) data from normal and cancerous tissues, Landan et al.[@cit0023] also observed that 2 methylation patterns of DNA molecules from the same cell population were rather different from each other with exception of H1 ESC and testis, which displayed coherent and homogeneous methylation profiles. By contrast, in developing brain and purified brain cells, we found a striking conservation of epiallele profiles at the *Ddo* gene within the same type of samples deriving from different mice. Moreover, we found that in undifferentiated ESCs the methylation profiles were rather disorganized and highly polymorphic at the *Ddo* gene, shifting toward an ordered, non-stochastic, and less polymorphic epiallele profile upon induction of neural differentiation. These apparent discrepancies may derive by the fact that our analysis was based on a higher number of reads per locus and that it was performed on CpG-poor gene regulatory region, while CpG-rich regions are mostly considered, especially in RRBS-based analyses, by genome-wide approaches. In a recent study, Li et al.,[@cit0022] using the methclone program, were able to map a series of loci ("eloci"), consisting of 4 adjacent CpGs, subjected to epigenetic drift during leukemia progression. This study, based on combinatorial entropy as a measure of epiallele shift, observed at single locus throughout the genome, revealed enrichment of eloci in the genic region, in particular at promoter regions, which is in line with our findings. Moreover, by analyzing eloci during leukemia progression, the authors concluded that the analysis of epiallele composition may reveal clonal shifts at specific loci otherwise not detectable. In agreement with this observation, we found that, upon differentiation of ESCs, the *Ddo* promoter underwent a methylation shift, as clearly detected by epiallele analysis, which was unpredictable by traditional methylation analysis. However, previous studies addressing epiallele composition were mostly performed in tumor progression systems and, thus, epiallele changes were interpreted as clonal shifts. In the future, it would be very interesting to establish whether the epigenetic drift, here reported at the *Ddo* gene during differentiation, is due to a clonal effect or, rather and more likely, to a methylation remodeling occurring in the ESC population upon induction to differentiate. Although at this stage no association can be made between each epihaplotype and functional state of the gene, it will be important, in the near future, to establish how individual epihaplotypes impact gene expression.

In support of our data, a recent paper addressed the cell-to-cell epivariation by single cell analysis concluding that epivariation frequency in DNA methylation is at least 2 orders of magnitude higher than mutation frequency.[@cit0031] Nevertheless, data on single cell analyses are rapidly accumulating, including simultaneous methylome and transcriptome determination on single cells.[@cit0032] These efforts will likely help us decipher the "epiallele code" that, in turn, could be easily applied to take maximum advantage of, and to interpret more in depth, the data obtained on single genomic regions using the here proposed "affordable" comprehensive approach. The latter retains the unique advantage to allow not only the description of heterogeneity in a cell population but also the determination of whether the heterogeneity is conserved among individuals.

Overall, our findings indicate that epiallele composition dynamics in brain cell population are very finely tuned and strikingly conserved. We suggest that tracking epiallele profiles may help get insight into the mechanisms underlying DNA methylation establishment, changes and, potentially, alterations of these processes that occur in neurodevelopmental diseases, which may not be revealed by conventional analyses of (gene-specific or genome-wide) average methylation.

Materials and methods {#s0003}
=====================

Animals {#s0003-0001}
-------

C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbour, ME). In CE.IN.GE\'s laboratories, mice were housed in groups (n = 4 or 5) in standard cages (29×17.5×12.5 cm) at constant temperature (22 ± 1°C) and maintained on a 12/12 h light/dark cycle, with food and water *ad libitum*. All research involving animals was performed in accordance with the European directive 86/609/EEC governing animal welfare and protection, which is acknowledged by the Italian Legislative Decree no. 116 (January 27, 1992). Animal research protocols were also reviewed and consented by a local animal care committee. Whole brains were collected from mice at different developmental stages, at time points E15, P0, P7, P14, P21, P30, and P60. Five brain areas were dissected (prefrontal cortex, cortex, hippocampus, cerebellum, and striatum) from 2 mice (P30). All tissue samples were pulverized in liquid nitrogen and stored at −80°C.

Cells {#s0003-0002}
-----

*Primary Cortical Neurons*. Cortical neurons were prepared from brains of 17-day-old C57BL/6J mouse embryos, as previously described.[@cit0033] Briefly, mice were first anesthetized and then killed by cervical dislocation to minimize the animals\' pain and distress. Dissection and dissociation were performed in Ca~2~/Mg~2~-free buffer saline (HBSS). Tissues were incubated with trypsin for 20 min at 37°C and dissociated by trituration in culture medium. Cells were plated at 3.5--5×10^6^ in 60 mm plastic Petri dishes, precoated with poly-D-lysine (20 mg/ml), in MEM/F12 (Invitrogen, Carlsbad, CA) containing glucose, 5% deactivated FBS, and 5% horse serum (Invitrogen), glutamine, and antibiotics. Ara-C (10 mM) was added within 48 h of plating to prevent non-neuronal cell growth. Neurons were cultured at 37°C in a humidified 5% CO~2~ atmosphere. All the experiments on primary cortical neurons were performed according to the procedures described in experimental protocols approved by the Ethical Committee of the Federico II University of Naples.

Primary microglia, oligodendrocytes, and astrocytes isolation from mixed glial cell cultures {#s0003-0003}
--------------------------------------------------------------------------------------------

Purified microglia, oligodendrocyte, and astrocyte cells were prepared from primary mouse mixed glial cells as previously described.[@cit0034] Briefly, cerebral cortices isolated from post-natal day 1 mouse brain were first dissociated enzymatically in a solution containing 0.125% trypsin and 1.5 mg/mL DNase (Sigma-Aldrich, St. Louis, MO) and then mechanically in Dulbecco\'s modified Eagle\'s medium supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, 2 mmol/L [L]{.smallcaps}-glutamine (Invitrogen). Cell pellet was resuspended and plated in tissue culture flasks in normal medium at 37°C in a humidified, 5% CO~2~ incubator. After 12--15 days, the microglia were separated by mechanical shaking of flasks on a orbital shaker for 60 min at 200 rpm at 37°C. The suspension containing microglia was centrifuged at 1000 rpm for 5 min and the pellet stored at −80°C. This procedure yielded 98% IB4- FITC or OX42-positive cells. To isolate oligodendrocyte lineage cells, the cultures were then subjected to an additional 16 h of shaking at 200 rpm. To minimize contamination by microglial cells, the suspension of detached cells was incubated twice for 40 minutes at room temperature. The non-adhering oligodendrocytes were centrifuged at 1000 rpm for 5 min and the pellet stored at −80°C. This procedure yielded 98% NG2-positive cells. Finally, the remaining confluent astrocytes were washed, scraped, centrifuged, and the pellets stored at −80°C until further analysis. This procedure yielded 98% GFAP-positive cells.

Embryonic stem cells {#s0003-0004}
--------------------

*In vitro* differentiation toward neurons and glia cells was performed as previously described.[@cit0036] Briefly, at day 0, wild type TBV (129/SvP) ESCs were dissociated in a single-cell suspension and 1000 cells/cm^2^ were plated on gelatin-coated plates. The culture medium was replaced daily during differentiation process.

Immortalized cells {#s0003-0005}
------------------

A1 mes c-myc (A1) is a cell line immortalized by means of infection with a c-myc-carrying retroviral vector of a primary mouse mesencephalon derived cells culture prepared from 11-day-old embryos (E11) as previously described.[@cit0037] These cells proliferate and remain undifferentiated when grown in MEM/F12 (Invitrogen, Milan, Italy) supplemented with 10% FBS (HyClone, Milan, Italy).

DNA extraction from cells and tissues {#s0003-0006}
-------------------------------------

DNA was extracted from a portion of liquid nitrogen--pulverized tissue or cell pellets. DNA was prepared using DNeasy® Blood & Tissue Kit (Qiagen, Hilden, Germany), following the manufacturer\'s instructions. DNA was quality checked by 260/280 absorbance ratio using NanoDrop 2000, (Thermo Scientific) and it was quantified using Qubit® 2.0 Fluorometer with the dsDNA broad range assay kit (Invitrogen, Q32850).

Bisulfite treatment and amplicon library preparation {#s0003-0007}
----------------------------------------------------

Bisulfite treatment was performed using EZ DNA Methylation Kit (Zymo Research). Genomic DNA (2 μg) was converted with "C/T conversion reagent" and eluted in 50 µl of H~2~O following the manufacturer\'s instruction. To evaluate the DNA methylation levels, a double step PCR strategy was used to generate an amplicon library of bisulfite treated DNA that was sequenced by Illumina Miseq Sequencer. In the first PCR reaction, we designed primers to generate tiled amplicons ranging in size between 300--450 bp (all primers pairs are reported in [Table 1](#t0001){ref-type="table"}). The 5′ end of these primers contains overhang adaptor sequences (FW: 5′ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG '3; RV: 5′ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG '3) that must be used in the second step of PCR to add multiplexing indices and Illumina sequencing adaptors. To obtain first PCR products we used the FastStart High Fidelity PCR System (Roche) at the following thermo cycle condition: one cycle at 95°C for 2 min followed by 32 cycles at 95°C for 30 s, \[primer Tm\] for 40 s, 72°C for 50 s, followed by a final extension step at 72°C for 6 min. Reactions were performed in 30 μl total volumes: 3 μl 10x reaction buffer, 0.6 μl of 10 mM dNTP mix, 0.9 μl of 5 µM forward and reverse primers, 3.6 μl MgCl~2~ 25 mM, 2--4 μl bisulfite template DNA, 0.25 μl FastStart Taq, and H~2~O up to a final volume of 30 μl. To eliminate small DNA fragments (primers dimers), we used AMPure purification magnetic Beads (Beckman-Coulter, Brea, CA) following the manufacturer\'s protocol. The ratio between AMPure Beads volume and PCR products volume was 0.8. Product size was checked on 1.5% agarose gel. Second PCR step was performed in 50 µl total volumes: 5 μl 10x reaction buffer, 1 μl dNTP mix, 5 μl forward and reverse "Nextera XT" primers (Illumina, San Diego, CA), 6 μl 25 mM MgCl~2~, 5 μl of first PCR product, 0.4 μl FastStart Taq, and H~2~O up to a final volume of 50 μl. Thermocycler settings were: one cycle at 95°C for 2 min followed by 8 cycles at 95°C 30 s, 55°C for 40 s, 72°C for 40 s, followed by a final extension step at 72°C for 5 min. Another purification step by AMPure Beads was performed and all amplicons were quantified using Qubit® 2.0 Fluorometer. The quality of each amplicon was checked by Agilent 2100 Bioanalyzer using the DNA 1000 Kit (Agilent Technologies, Santa Clara, CA), according to the manufacturer\'s instructions. Amplicons were pooled at equimolar ratio and then diluted to final concentration of 8 picomolar. Phix control libraries (Illumina) were combined with normalized library \[15% (v/v)\] to increase diversity of base calling during sequencing. Amplicons library was subjected to sequencing using V3 reagents kits on Illumina MiSeq system (Illumina). Paired-end sequencing was performed in 281 cycles per read (281×2). An average of 210,000 reads/sample were used for further analysis. The rate of bisulfite conversion was estimated as 98--99%, as calculated by spike-in experiments performed by adding fully unmethylated M13mp18 double strand DNA (New England BioLabs) in 10 representative samples (primers pairs are reported in [Table 1](#t0001){ref-type="table"}). Table 1.List of primers used to amplify Ddo promoter regions (R1-R7) and the M13 mp18 control plasmid. For Ddo regions, the positions refer to TSS; for M13 mp18 the positions refer to sequence entry X02513.1 (NCBI, GenBank).GENEAMPLICONFW PRIMERRV PRIMER*Ddo* R1−2170/−1960TttggtttttattTtTaaatTTtgataAactAActatacatctcacttccctA*Ddo* R2−1578/−1184GgttagtggtttTtttgTagTTtttatAAcattAtcccttcaAtccacaat*Ddo* R3−927/−499GTttttTTaTatgtTttggagTTtacctccctAaaaAtcatttAattcta*Ddo* R4−468/−63GtgtgtttTtgaggaggtgaTaTtTa262 3aActtaccctccattAAtccatAcc*Ddo* R5−229/+144GgTtggtggTaagTtgaagttTttgacccctaaaatcccaAaAtAcatac*Ddo* R6+267/+671TTtagtgttaaTttattagagTtgtggAAtacaatcccttcttAcaacaAAca*Ddo* R7+801/+1201GagggagttgggTatggagTaTaTataAactctaAAAaAcaAacacaAaAAtc*M13 mp18*5946 / 6294Ggtgaagggtaattagttgttgttccaataccaaacttacatacct[^2] Table 2.Relationship among the epialleles distribution within each stages group. The analyses were performed by correlating mice of each developmental stage in twos. Pearson\'s correlation coefficient R and P-value are reported.Pearson correlation test of epialleles distribution *Ddo* R4 regionSTAGEMicePearson R*P*-valueE15M1/M20.9860671971.89637E--48E15M1/M30.9923917552.71669E--56E15M2/M30.98685983.30893E--49P0M1/M20.9594385831.08587E--34P0M1/M30.9443460381.15656E--30P0M2/M30.881454233.27535E--21P14M1/M20.7863097023.66001E--14P14M1/M30.8469901794.13024E--18P14M2/M30.9812715471.26582E--44P30M1/M20.8333217884.37257E--17P30M1/M30.8014138875.13155E--15P30M2/M30.9847698462.69114E--47

Sequence handling {#s0003-0008}
-----------------

First, paired-end reads obtained from Illumina Miseq sequencer platform were merged together using PEAR tool[@cit0038] with a minimum of 40 overlapping residues as threshold and quality filtered was obtained using as threshold a mean PHREAD score of at least 33. FASTQ assembled reads were converted to FASTA format using PRINSEQ tool.[@cit0039] To analyze the methylation status of each amplicon, we used our pipeline software (Amplimethprofiler), freely available at <https://sourceforge.net/projects/amplimethprofiler>. This tool is specifically designed for deep targeted bisulfite amplicon sequencing of multiple genomic regions and provides functions to demultiplex, filter and extract methylation profiles directly from FASTA files. All the filters (read length, percent of similarity between end of the read and the sequence primer, bisulfite efficiency, maximum percentage of ambiguously aligned CG sites, percent of aligned read) may be tuned by user specified threshold. In the first step, Amplimethprofiler generates, for each sequenced region a quality filtered FASTA file, whose entries are annotated with the ID of the region and of the sample, then discarding reads that do not match expected length (possibly derived from dimers and/or other artifacts). Next, reads are aligned to the corresponding bisulphite converted reference using BLASTn.[@cit0040] As output, the pipeline returns: i) a summary and quality statistics file, containing information about the number of reads that pass filtering, the methylation percentage of each C in CpG sites, and the bisulfite efficiency for each C in non-CpG sites; ii) an alignment file where the bisulfite efficiency/read is calculated; iii) a CpG methylation profiles file, containing a matrix that reports the methylation status for each CpG dinucleotide: 0 if the site is recognized as unmethylated, 1 if the site is recognized as methylated, and 2 if the methylation state could not be assessed. Each row of the matrix can be considered as the CpG methylation profile and defines an epiallele in subsequent analyses. Then, we used this output to perform downstream analyses. Quantitative methylation averages for each site are then computed as the number of non-converted bases mapped on that site over the total number of mapped reads. Single molecule CpG methylation arrangement was then performed. Based on R software (R Core Team, 2016, <https://www.R-project.org>), the abundance of each one of the 2^NCpG^ distinct epialleles (where NCpG stands for the number of CpG sites in the analyzed region) was evaluated for each sample by counting the number of passing filter reads containing that epiallele. Filter was set in order to include only reads with the expected lenght and containing no more that 2% unconverted cytosine outside CpG sites. The number of total reads and the reads used for epiallele analyses are reported in supplemental Table S1.

Statistical analysis {#s0003-0009}
--------------------

Methylation average data are expressed as means ± standard deviation. Comparisons between 2 groups were performed using the unpaired Student t test. Multiple comparisons were made by 1-way ANOVA followed by Tukey post-hoc test. A *P*-value ≤ 0.05 was considered statistically significant. Pearson correlation test was used to assess the relationship among the epialleles distribution within each stages group. PCA was performed on the abundance of each 64 epialleles presents in the analyzed cell population. PC1 explained 31.2% and PC2 explained 29% of the observed variance. All statistical analyses were performed using JMP software (SAS, Cary, NC).

Availability of data: Accession Numbers {#s0003-0010}
---------------------------------------

The data sets generated during the current study are deposited on "European Nucleotide Archive (ENA)" server, [www.ebi.ac.uk/ena](http://www.ebi.ac.uk/ena), under the accession number PRJEB16320.
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[^1]: Supplemental data for this article can be accessed on the [publisher\'s website](http://dx.doi.org/10.1080/15592294.2016.1260211).

[^2]: *The capital letters in the primers sequences indicate the original C or G*.
